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Available online 28 April 2008Satellite panicum mosaic virus (SPMV) depends on its helper Panicum mosaic virus for replication
and movement in host plants. The positive-sense single-stranded genomic RNA of SPMV encodes a 17-kDa
capsid protein (CP) to form 16-nm virions. We determined that SPMV CP accumulates in both cytosolic
and non-cytosolic fractions, but cytosolic accumulation of SPMV CP is exclusively associated with virions. An
N-terminal arginine-rich motif (N-ARM) on SPMV CP is used to bind its cognate RNA and to form virus
particles. Intriguingly, virion formation is dispensable for successful systemic SPMV RNA accumulation, yet
this process still depends on an intact N-ARM. In addition, a C-terminal domain on the SPMV CP is necessary
for self-interaction. Biochemical fractionation and ﬂuorescent microscopy of green ﬂuorescent protein-tagged
SPMV CP demonstrated that the non-cytosolic SPMV CP is associated with the cell wall, the nucleus and other
membranous organelles. To our knowledge, this is the ﬁrst report that a satellite virus CP not only accumulates
exclusively as virions in the cytosol but also is directed to the nucleolus and membranes. That SPMV CP is
found both in the nucleus and the cell wall suggests its involvement in viral nuclear import and cell-to-cell
transport.





Satellite viruses represent a unique group of subviral agents that
rely on a helper virus for replication and movement yet encode a
capsid protein (CP) to package the genome into virions (Scholthof,
Jones, and Jackson,1999). Four infections of plant satellite viruses have
been reported in pair-speciﬁc relationships with their helpers (Dodds,
1999; Scholthof,1999; Scholthof et al., 1999) and one satellite virus has
been reported in association with Macrobrachium rosenbergii noda-
virus (MrNV) in freshwater prawn (Widada and Bonami, 2004).
Satellite panicum mosaic virus (SPMV) depends on its helper Pa-
nicum mosaic virus (PMV) (Genus Panicovirus, Family Tombusviridae)
for replication and systemic spread in host plants (Scholthof et al.,
1999; Turina et al., 2000, 1998). PMV has a positive-sense single-
stranded RNA genome with six open reading frames (ORFs) (Turina
et al., 2000, 1998). The replicase components (p48 and p112) are
expressed directly from the genomic RNA whereas the 26-kDa CP and
three smaller proteins are translated from a polycistronic subgenomic
RNA (Turina et al., 2000, 1998). Our previous studies demonstrated
that a synergism occurs following co-infection of PMV and SPMV. In
infected millet plants, this results in an increased infection rate of
PMV, severe leaf mosaic symptoms, stunting and failure to set seedl rights reserved.(Scholthof, 1999). This covirus infection provides a model system to
elaborate on conditions that facilitate mixed infections (Nee, 2000;
Sachs and Bull, 2005; Szathmary, 1992).
SPMV has a small positive-sense single-stranded RNA genome of
824 nucleotides (nt), which directs the synthesis of a 17 kDa CP to
assemble 16 nm virions (Masuta et al., 1987). SPMV CP binds SPMV
RNA in a cooperative manner (Desvoyes and Scholthof, 2000). In ad-
dition to packaging its cognate RNA into virions, SPMV CP is able to
encapsidate PMV-associated satellite RNAs (Desvoyes and Scholthof,
2000). SPMV CP has other biological functions in addition to virion
formation during co-infection with PMV, including signiﬁcantly en-
hancing the systemic accumulation of SPMV RNA (Omarov et al.,
2005). The deletion of a hairpin region in the 5'-UTR negatively affects
SPMV RNAmovement, albeit in a host-speciﬁc manner (Omarov et al.,
2005; Qiu and Scholthof, 2000). This effect is abrogated by the
expression of the 17-kDa SPMV CP (Omarov et al., 2005). Although
not required for SPMV RNA replication, the absence of satellite virus
CP causes the generation of SPMV-defective interfering RNAs (DIs),
suggesting its possible implication in viral RNA stabilization (Qiu and
Scholthof, 2001a, 2008b). In addition, SPMV CP is also involved in
symptom exacerbation in host plants (Qiu and Scholthof, 2001a,b;
Scholthof et al., 1999). Taken together, SPMV CP has several functions
that ensure the establishment of a robust infection.
The virion crystal structure has been determined for SPMV and two
other plant satellite viruses (Ban et al., 1995; Ban andMcPherson,1995).
Although the CP monomers share a similar jelly-roll core structure of a
β-barrel, there are obvious differences in the organization of secondary
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tween adjacent subunits (Ban et al., 1995). Amino acid sequence
comparison analyses of plant satellite virus capsid proteins reveals
very little similarity other than a conserved N-terminal arginine-rich
motif (N-ARM). Interestingly, SPMV CP shares a 46% sequence identity
with a non-structural protein (P20) encoded by a satellite RNA (satRNA)
associated with Bamboo mosaic virus (BaMV) (Lin and Hsu, 1994; Lin
et al., 1996). The P20 protein also has an N-ARM that is required for
cooperative binding andmovement of BaMV satRNA (Palani et al., 2006;
Tsai et al., 1999).
In this study, we conducted a series of experiments to differentiate
SPMV CP functions at the biochemical level. A domain responsible for
SPMV CP self-interactionwas identiﬁed and it was shown that SPMV CP
accumulated in both cytosolic and non-cytosolic fractions. As deter-
mined by chromatography and subcellular fractionation experiments,
the formation of virions was correlated with SPMV CP accumulation in
the cytosol. The N-ARM of the 17 kDa SPMV CP was crucial for binding
and encapsidation of SPMV genomic RNA. Successful systemic SPMV
RNA accumulation also required a functional N-ARM of SPMV CP, but
surprisingly this process was independent of virion formation. Our
subcellular fractionation study of SPMV-infected tissues and ﬂuorescent
microscopy of GFP-tagged CP indicated that the non-cytosolic SPMV CP
is localized in the cell wall, nucleus and other membrane bound
organelles. Taken together, SPMV CP plays amultifunctional role in viral
infection, including but not limited to encapsidation and facilitating
SPMV RNA movement. We suggest that a complex, but coordinated,Fig. 1. Distribution and self-interaction of SPMV CP. (A) Immunodetection of SPMV CP in non-
Arrows indicate the relative positions of the SPMV CP monomer and dimer. (B) Schematic re
the SPMV CP open reading frame (ORF) (Qiu and Scholthof, 2000). Mutant NHA contains
(YPYDVPDYA). Mutants A, B, C, and D represent SPMV CP truncations encompassing A
immunoprecipitation assays of SPMV CP deletion mutants to identify regions associated wi
during in vitro translation and protein amounts were normalized based on the relative den
unlabeled NHA and subjected to co-immunoprecipitationwith anti-HA monoclonal antibodi
[35S]-methionine-labeled SPMV WT and NHA CP (upper panel) were precipitated with HA
resistant dimers of SPMV CP. The relative positions of SPMV CPmonomers and dimers are sho
indicated on the leftmost side of panels A and E.process of subcellular localization of SPMV CP is essential for the
regulation of its multiple functions.
Results
SPMV CP accumulates in the cytosolic and non-cytosolic fractions
It was previously observed that the addition of detergent (Triton
X-100 or SDS) to the protein extraction buffer increased the amount
of SPMV CP detected bywestern blot assay (Omarov et al., 2005). This
led to an assumption that SPMV CP may be present in both soluble
(cytosol) and insoluble (mainly cell wall and organelles) fractions. To
test this, protein extracts from PMV+SPMV-infected millet plants
were centrifuged twice at 10,000 × g at 4 °C for 10 min, after which
the non-cytosolic fractions (pellet) and cytosolic fractions (super-
natant) were collected and tested for the presence of SPMV CP.
As expected, SPMV CP was consistently detected in both fractions
(Fig. 1A).
Interestingly, SPMV CP was detected as both monomers and SDS-
resistant dimers (Fig. 1A). Studies on genomic RNA packaging of
spherical plant viruses indicate that encapsidation progresses via
cooperative addition of CP dimers. Structural analyses of Tomato bushy
stunt virus (TBSV) and Turnip crinkle virus (TCV), in the family Tom-
busviridae, revealed that covalent dimers are crucial for packaging
gRNA into virions (Finch et al., 1970; Stockley et al., 1986). Other
studies also suggest that CP dimers are the basic building blocks forcytosolic (NC.F.) and cytosolic (C.F.) fractions of PMV+SPMV-infected prosomillet plants.
presentation of SPMV CP mutants analyzed by co-immunoprecipitation. WT represents
the sequence substitution of SPMV CP amino acids (AA) 4 to 12 with an HA epitope
A 13 to 45, AA 46 to 80, AA 81 to 116, and AA 117 to 157, respectively. (C) Co-
th self-interaction. The tested SPMV CP derivatives were labeled with [35S]-methionine
sity of bands on blots (upper panel). Each [35S]-labeled CP derivative was mixed with
es (HA-MAb) (lower panel). (D) Analysis of the anti-HA monoclonal antibody speciﬁcity.
-MAb and detected by autoradiography (lower panel). (E) Immunodetection of SDS-
wn forWTand CP derivatives A, B, C, and D. Proteinmarkers (M) in kilodaltons (kDa) are
156 D. Qi et al. / Virology 376 (2008) 154–164virion assembly (Choi et al., 2003; Rao, 2006; Zlotnick et al., 2000). To
determine the regions on SPMV CP that mediate self-interaction and
dimerization we created a series of sequential deletion mutants of
SPMV CP, each of which contained an in-frame step-wise truncation of
~30 amino acids (AA) from the N- to the C-terminus of SPMV CP ORF
(Fig. 1B). Thesemutants were analyzed for their ability to interact with
full-length SPMV CP using co-immunoprecipitation assays.
Wild type (WT) SPMV CP and each of the four truncated derivatives
(A, B, C, andD)were labeledby invitro translationwith [35S]-methionine.
An equal amount of [35S]-labeled SPMV CP derivative was mixed and
incubated with the unlabeled CP of mutant NHA (Fig. 1C, upper panel).
The NHA CP represents an exchange of amino acids 4–12 (KRSRRSNRR)
of SPMV CP for the 9 AA hemagglutinin (HA) epitope (YPYDVPDYA)
(Fig. 1B). Paired mixtures of NHA with WT SPMV CP or each of the
mutants A, B, C, or D were subjected to co-immunoprecipitation with
anti-HA monoclonal antibody (HA-MAb). Full-length WT SPMV CP was
successfully precipitated, indicating its interaction with the unlabeled
NHACPderivative (Fig.1C, lowerpanel). Similar resultswereobtained for
the CP truncation derivatives A, B and D (Fig. 1C, lower panel). A
signiﬁcantly weaker signal was detected for CP truncation derivative C,
indicating a compromised interaction with the NHA mutant (Fig. 1C,
lower panel). The biological importance of region C (AA 81-116) was
suggested by our previous observations that SPMV mutants
with deletions in this region were more liable to rapidly accumulate
SPMVDIs (QiuandScholthof, 2000). Asa control,when [35S]-methionine-
labeled WT SPMV CP was subjected to immunoprecipitation with anti-
HA antibodies no signal was detected by autoradiography (Fig. 1D).Fig. 2. Chromatography study of cytosolic protein extracted from prosomillet plants infected
A through N each represent three adjacent 3 mL fractions (total=9 mL). Input is included a
cytosolic fraction. The distribution of 17-kDa SPMV CP (upper panel) and 26-kDa PMV CP (
antibody. Protein markers in kilodaltons (kDa) are indicated on the leftmost sides of the bl
molecular weights of proteins in each fraction. The X-axis represents the individual 3 mL elu
eluted fractions 9, 17, 30, and 38 correspond to the 9 mL pooled fractions in lanes “C”, “F”, “J”
standards. (B) Anion-exchange chromatography of PMV+SPMV-infected prosomillet plants. A
Fractions (A through O) were analyzed for the presence of SPMV CP and PMV CP, as describHaving conﬁrmed the CP:CP interaction, each SPMV CP truncation
mutant was over-expressed in Escherichia coli BL21 (DE3) cells from a
pDEST17-basedvector to further analyze the formationof SDS-resistant
dimers. Mutant C, with the deletion of AAs 81–116, did not form SDS-
resistant SPMV CP dimers (Fig. 1E), which is in agreement with the
results of the co-immunoprecipitation assays (Fig.1C). In contrast, full-
length SPMV CP and other truncation derivatives (mutants A, B and D)
were readily detected as dimers (Fig. 1E).
Soluble SPMV CP exists in the form of a high molecular weight complex
To study the biological and biochemical importance of SPMV CP
dimers, we attempted to isolate them using gel-ﬁltration chromato-
graphy through a Sephacryl S-200 packed column. Surprisingly, SPMV
CP eluted exclusively in the form of high molecular weight complexes
in the void volume (N600 kDa) (Fig. 2A). In addition, SPMV RNA co-
eluted with SPMV CP (data not shown). Together, the data indicate
that cytosolic SPMV CP is in the form of SPMV virions and/or other
high molecular weight ribonucleoprotein (RNP) complexes but not as
monomers or dimers. In contrast, CP of the helper virus (PMV) was
detected as a high molecular weight complex as well as in the form of
dimers and monomers (Fig. 2A).
To exclude the possibility that SPMV CP was not detectable as
dimers or monomers, possibly due to the “dilution effect” of gel-
ﬁltration chromatography, DEAE ion-exchange chromatography was
performed and the distribution of SPMV CP and PMV CP was mon-
itored. Based on its amino acid composition, SPMV CP is a basic,with PMV+SPMV. (A) Gel-ﬁltration chromatography on a Sephacryl S-200 column. Lanes
s the positive control and represents the material prior to loading the column, i.e., the
lower panel) was monitored by western blots with the appropriate speciﬁc polyclonal
ots. The column calibration with molecular weight standards was used to estimate the
ted fractions and the Y-axis shows the common logarithms of molecular weights. [Note:
, and “M” in panel 2A.] The dotted lines reﬂect the coordinates for the molecular weight
n NaCl gradient (from 50mM to 1M) was used to elute proteins from the DEAE column.
ed in (A). The input and ﬂow through (F.T.) are indicated.
Fig. 3. Encapsidation and distribution assay of SPMV CP derivatives. (A) Schematic
representation of SPMV CP mutants tested. Mutant R7/8 represents the substitution of
the original arginine codons at amino acids (AA) 7 and 8 with a serine codon and an
alanine codon, respectively, as indicated by a ﬁlled diamond. Mutant R7-12 builds on
R7/8 with an additional pair of arginine codons at AA 11 and 12 substituted for serine
and alanine, respectively (double diamonds). Mutant 82F contains a FLAG epitope
(striped box) inserted between AA 81 and 82. Mutant 130D was created by substitution
of a serine codon at AA 130 with an aspartic acid codon (star pattern). The ΔC6 mutant
was derived by introducing a premature stop codon to abolish expression of the last six
AAs of the SPMV CP ORF (crossed box). (B) Whole virus assay. SPMV and PMV virions
separated by agarose gel electrophoresis were transferred to nylonmembrane and then
probed with 32P-labeled SPMV cDNA (upper panel). Arrows indicate the positions of
PMV and SPMV virions. Note: SPMV RNA can be encapsidated in SPMV virions as well as
PMV virions, if both are present. PMV virions were observed by staining the agarose gels
with ethidium bromide (lower panel). (C) Distribution of WT SPMV CP and its
derivatives in mixed infections with PMV. Non-cytosolic and cytosolic samples were
prepared as in Fig. 1A. Protein markers (M) in kilodaltons (kDa) are indicated on the
leftmost side of each panel. SPMV WT and mutants are indicated above each blot.
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as a single peak at concentrations N350 mM NaCl. This indicates that
cytosolic SPMV CP existed as an acidic, negatively-charged protein
complex. In addition, we observed that SPMV RNA also co-eluted with
SPMV CP in DEAE ion-exchange chromatography (data not shown). In
contrast, SPMV CP was not detected in the ﬂow-through fraction
(containing positively-charged proteins) (Fig. 2B). This apparent
conundrum may be explained by a recent report whereby in the
encapsidation process, the heavily positively-charged regions of SPMV
CP are buried as the interior capsid surface to bind SPMV RNAwhereas
the negatively-charged regions are exposed as exterior capsid surface
(Makino et al., 2006).
At the same time, PMV CP displayed a more complicated elution
proﬁle after DEAE fractionation (Fig. 2B). One elution peak of PMV CP
was detected in the ﬂow-through and another two distinct peaks were
detected at concentrations of 250 mM NaCl and 550 mM NaCl
(Fig. 2B). Taken together, we conclude that cytosolic (soluble) SPMV CP
is present either as virions and/or in the form of negatively-charged
high molecular weight RNP complexes but not as free subunits. Our
experiments also provide evidence that the strong CP self-interaction
mediated by a speciﬁc C-proximal region leads to the formation of
stable SPMV CP dimers, which are the basic building unit of the viral
capsid and cannot be completely disrupted even in the presence of
ionic detergents such as SDS.
CP mutants defective in encapsidation are compromised in solubility in
the cytosol and their cytosolic accumulation
To study the correlation between in vivo RNA encapsidation and
SPMV CP solubility in the cytosol we created speciﬁc mutations at
different sites of the SPMV CP (Fig. 3A). The positions of these ﬁve
target siteswere selected based on the X-ray crystallography data (Ban
and McPherson, 1995). These sites include the N-ARM region that
plunges into the interior of the virion to engage the SPMV gRNA, the
middle of a loop region on the surface of SPMV particles at AA 82, and
a loop at AA 130 that is associated with the ﬁve-fold axis of symmetry
for the SPMV T=1 particles. In addition, the last 6 amino acids of SPMV
CP were abolished, based on the prediction that they are not essential
for the “jelly-roll” core structure of SPMV CP and therefore are unlikely
to be essential for virion assembly. The N-ARM mutant R7/8 was
generated by changing arginine codons at AA 7 and 8 to serine and
alanine, respectively (Fig. 3A). Mutant R7-12 was created from R7/8 by
the additional substitution of arginine codons (AA 11 and 12) with a
serine codon and an alanine codon, respectively. Mutant 82F has a six
amino acid FLAG epitope (DYKDDD) inserted between SPMV CP
residues 81 and 82, and mutant 130D has an aspartic acid (D) at
residue 130 to replace the original serine (S). Mutant ΔC6, with a
premature stop codon introduced into the SPMV CP ORF, abolished the
expression of last six amino acids.
Transcripts of PMV+SPMV or its derivatives were co-inoculated to
proso millet plants. At 14 dpi, symptomatic upper leaves were
harvested and subjected to whole virus gel assays. As expected, PMV
virions were detected in all infected plants (Fig. 3B, lower panel).
Plants infected with mutants R7/8 and ΔC6 accumulated virions,
although at a reduced level compared to WT SPMV (Fig. 3B, upper
panel). In that R7-12 was more compromised than R7/8, the loss of
virion formationwas additive, conﬁrming the predicted function of N-
ARM in SPMV RNA encapsidation (Ban et al., 1995). The reduced
amount of SPMV virions associated with mutant ΔC6 suggested that
the C-terminal extremity played an auxiliary but important role for
efﬁcient SPMV RNA encapsidation, despite its predicted dispensability
for the “jelly-roll” core structure. Mutants R7-12, 82F and 130D did not
form detectable virions (Fig. 3B, upper panel). We consistently
observed that SPMV RNA was also encapsidated into PMV virions,
detected as a band of SPMV-speciﬁc RNA that migrated to the position
of PMV virions in autoradiography (Fig. 3B, upper panel), as previouslyreported (Qiu and Scholthof, 2001b). This was not unexpected since
PMV CP was shown to display some afﬁnity for SPMV RNA in in vitro
RNA binding assays (Desvoyes and Scholthof, 2000).
Subsequently, we tested for the presence of SPMV CP in cytosolic
and non-cytosolic fractions of proso millet plants co-infected with
PMV and each SPMV mutant (Fig. 3A). As predicted, SPMV CP was
present as monomers and dimers in non-cytosolic fractions for WT
SPMV and each of the tested mutants (Fig. 3C, upper panel). However,
there was an obvious decrease in CP titer for mutants R7/8 and R7-12.
As anticipated, mutant 82F directed the synthesis of a protein of a
slightly higher molecular weight compared to WT SPMV and the ΔC6
mutant directed the synthesis of a smaller product. SPMV CP was
detected in cytosolic fractions for WT SPMV as well as for mutants
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which was coincident with the reduced amount of encapsidated
SPMV RNA detected for R7/8 and ΔC6 in the whole virus gel assay
(Fig. 3B, upper panel). There was no detectable SPMV CP in the
cytosolic fractions for encapsidation-incompetent mutants R7-12,
82F and 130D (Fig. 3C, lower panel) indicating the correlation
between compromised CP cytosolic accumulation and defective RNA
encapsidation. In summary, the chromatography assays and site-
directed mutagenesis experiments support a conclusion that the
cytosolic accumulation of SPMV CP reﬂects virion formation.
The SPMV CP arginine-rich motif (N-ARM) is essential for successful in
vivo SPMV RNA accumulation and in vitro SPMV RNA binding
Having elucidated a positive correlation between SPMV CP cyto-
solic accumulation and virion assembly, we focused on the properties
of RNA binding and movement facilitation associated with SPMV CP.
An obvious functional region is the N-ARM, which is conserved
amongst plant satellite virus capsid proteins. As shown above,
manipulation of the arginine doublets (R7/8 and R7-12) in the N-
ARM caused a signiﬁcant decrease of SPMV CP titer (Fig. 3C). This
effect was additive, as R7-12 with a change of four arginine codons
wasmore impaired than R7/8 for CP accumulation. Accordingly, plants
infected with mutants R7/8 and R7-12 had very attenuated symptoms
when compared to wild type infections (data not shown). This was
consistent with our previous observations that SPMV CP was
implicated in symptom exacerbation in millet plants (Qiu and
Scholthof, 2000; Scholthof, 1999; Scholthof et al., 1999).
In addition, SPMV CP facilitates long-distance movement of viral
RNA (Omarov et al., 2005) and inhibits the generation of DIs (Qiu and
Scholthof, 2001a). In the present study, we extended our under-
standing of these properties by showing that manipulation of the N-
ARM of SPMV CP signiﬁcantly reduced the SPMV RNA titer in systemic
leaves (Fig. 4A, upper panel). Although the R7/8 mutant could still
form detectable virions (Fig. 3B, upper panel), it behaved the same as
the R7-12 mutant in symptom modulation (data not shown) and
systemic RNA accumulation. Mutants R7/8 and R7-12 were permissive
for the generation of defective-interfering SPMV RNA (DIs) in infectedFig. 4. The involvement of the N-terminal arginine-rich motif (N-ARM) of SPMV CP in
systemic SPMV RNA accumulation and CP:RNA interactions. (A) Systemic accumulation
of SPMV RNA from the CP mutants described in Fig. 3A. RNA blot analyses were
performed with [32P]-dCTP-labeled SPMV-speciﬁc probes (upper panel). The positions
of the SPMV genomic RNA and defective-interfering RNAs (DIs) are indicated by an
arrow and asterisk, respectively. The lower panel shows rRNA from each sample on an
ethidium bromide-stained agarose gel as loading control. (B) Northwestern blot assay.
SPMV CP derivatives were over-expressed in E. coli and transferred to nitrocellulose
membrane following SDS-PAGE. Duplicate blots were probed with SPMV CP-speciﬁc
polyclonal antibodies (upper panel) or [32P]-UTP labeled SPMV RNA (lower panel). The
upper panel also serves as a control to visualize the amount of SPMV CP probed for the
northwestern blot. The SPMV CP mutant NHA is diagrammed in Fig. 1B. Mutants 82F
and 130D are of the same amino acid sequence as in Fig. 3A, except that they were
expressed in E. coli. The control lane (Ctrl.) of total protein extracted from E. coli
expressing no SPMV CP and the relevant CP constructs are indicated above each lane.proso millet (Fig. 4A, upper panel). Although mutants 82F, 130D and
ΔC6 were defective in encapsidation (Fig. 3B), they were as potent as
WT SPMV in both symptom modulation and systemic RNA accumula-
tion (Fig. 4A, upper panel). These experiments provide ample evidence
that the ability of SPMV CP to enhance systemic RNA accumulation is
independent of the process of virion assembly but requires the
presence of an N-ARM.
The importance of the N-ARM in RNA bindingwas further analyzed
by northwestern blot assays. For this purpose, mutant NHA (Fig. 1B)
was used instead of R7-12 as it displayed the same phenotype in
plants as R7-12 mutant (data not shown). SPMV CP and its derivatives
NHA, 82F, and 130D were over-expressed in E. coli BL21 (DE3) cells. A
western blot was performed to ensure equal loading of each SPMV CP
derivative (Fig. 4B, upper panel). A duplicate membrane was used for
northwestern blot assays. Interestingly, the WT, 82F, and 130D capsid
proteins efﬁciently bound α-32P-UTP labeled SPMV RNA (Fig. 4B, lower
panel), even though mutants 82F and 130D were unable to package
SPMV RNA (Fig. 3B, upper panel). In contrast, the NHA CP derivative
did not bind any detectable radiolabeled SPMV RNA (Fig. 4B, lower
panel). To rule out the possibility of nonspeciﬁc SPMV RNA binding by
bacterial proteins, untransformed E. coli expressing no SPMV CP was
used as a negative control; SPMV RNA binding activity was not
detected (Fig. 4B, lower panel).
In summary, defective systemic RNA accumulation and RNA
binding in vitro caused by manipulating SPMV CP indicates that an
N-ARM-mediated CP:RNA interaction (Fig. 4B) is crucial for SPMV
infection and SPMV RNA encapsidation. However, virion formation
does not necessarily ensure efﬁcient systemic RNA accumulation and
vice versa (Figs. 3B and 4A), supporting the existence of differential
regulation.
SPMV CP has a complex subcellular localization proﬁle
The experiments suggested that the presence of SPMV CP in
different subcellular fractions is a crucial factor to specify its multiple
functions at different stages of infection. To investigate this, we
decided to perform a further study of SPMV CP subcellular localization.
First, we fractionated infected plant tissue using differential centrifu-
gation as described previously (Omarov et al., 2005; Turina et al.,
2000). The fractions isolated include the cell wall materials (CW);
membranous organelles such as nuclei, mitochondria, and plastids
(P8); membrane fragments generated during leaf tissue homogeniza-
tion (P30); and, soluble cytosolic proteins (S30). Western blot analyses
revealed that WT SPMV CP was present in each of the four fractions
(Fig. 5A, left panel). As expected, the CP derivative of mutant 130D,
which was present only in non-cytosolic fractions (Fig. 3C, upper
panel), was detected in cell wall- and organelle-enriched fractions but
not in the (S30) cytosolic fraction (Fig. 5A, right panel). Interestingly,
the CP of 130D was present in the (P30) membrane-enriched fraction
(pellet of 30,000 × g) but it was not detectable in the soluble fractions
following centrifugation at 10,000 × g (Fig. 3C, lower panel). This was
probably because the membrane associated SPMV CP in the P30
fraction was too dilute to be detected (Fig. 3C, lower panel) until
concentrated by ultracentrifugation at 30,000 × g (Fig. 5A). Therefore,
the absence of SPMV CP for 130D in fraction S30 (Fig. 5A) was strongly
correlated with an inability to form virions (Fig. 3B).
The biochemical data pointed to crucial, and different, roles for
SPMV CP, depending on its subcellular localization. To acquire more
detailed information about these effects, a TBSV-based vector (Fig. 5B)
was used to deliver GFP (TBSV-GFP) or a GFP-tagged SPMV CP (TBSV-
GFP-SPCP) into Nicotiana benthamiana plants by rub-inoculation. At 2
dpi, the inoculated leaves were harvested and subjected to western
blot analysis using SPMV CP-speciﬁc antibodies (Fig. 5C). As predicted,
the 45 kDa GFP-SPCP fusion protein was detected in the non-cytosolic
fractions (Fig. 5C, right panel), but not in the cytosolic fraction (Fig. 5C,
left panel) of infected plants. The epidermis of TBSV-GFP or TBSV-
Fig. 5. Subcellular localization of SPMV CP in infected plants or cells. (A) Subcellular fractionation of prosomillet plants infected with PMV+SPMVWT (left panel) or PMV+130D (right
panel). The CW (cell wall), P8 (organelle enriched), P30 (membrane) and S30 (cytosolic) fractions were separated by differential centrifugation and analyzed for the presence of SPMV
CP by western blot. Protein markers (M) in kilodaltons (kDa) are indicated on the leftmost side of each blot. (B) Diagram of the TBSV-based vector used to express GFP alone or GFP-
SPMV CP in N. benthamiana plants. The TBSV CP gene was replaced with the ORF of either GFP (TBSV-GFP) or GFP fused at the N-terminal end of SPMV CP (TBSV-GFPSPCP). (C)
Western blot assays ofN. benthamiana plants infectedwith TBSV vectors represented in Fig. 5B. The cytosolic fractions (C. F.; left panel) and non-cytosolic fractions (NC. F.; right panel)
were analyzed with SPMV CP-speciﬁc polyclonal rabbit antiserum. Samples from infected N. benthamiana plants inoculated with TBSV-GFP (lanes 1 and 3) and TBSV-GFPSPCP (lanes
2 and 4) are shown, along with a positive control from PMV+SPMV-infected proso millet plants (S). The predicted 45 kDa GFP-SPMV CP fusion protein is indicated by an arrow. The
asterisk represents a non-cytosolic host protein cross-reacting to SPMV CP-speciﬁc antibodies, and serves as a means to monitor similar protein loading between samples. (D)
Fluorescent microscopy of TBSV-GFP and TBSV-GPFSPCP infected N. benthamiana epidermal cells. Free GFP is distributed throughout the infected cell (TBSV-GFP; left upper panel). In
contrast, GFP-tagged SPMV CP occurs along the cell wall and in the nucleus, in association with the nucleolus (arrow in the right upper panel). TBSV-GFPSPCP (stack) was generated
by overlaying 7 sequential sections at 1 μm intervals of TBSV-GFPSPCP infected cells (left lower panel). In addition to association with the nucleolus, a close-up view of the nucleus
(enclosed by a white-dashed circle and a black-dashed circle under ﬂuorescence and white light, respectively) shows that GFP-tagged SPMV CP also localizes to some smaller
structures in the nucleus (right lower panel). In each panel, the white bar represents 10 μm.
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peeled off and observed by ﬂuorescent microscopy. For GFP alone,
green ﬂuorescence occurred throughout the cell in a diffusive manner(Fig. 5D, upper left panel). The GFP-SPCP fusion protein, based on
ﬂuorescence, preferentially associated with the nucleolus and the host
cell wall, where it formed ﬁne puncta (Fig. 5D, upper right panel).
160 D. Qi et al. / Virology 376 (2008) 154–164Although N. benthamiana is not a host plant for PMV+SPMV infection,
the images suggest that the subcellular distribution of SPMV CP in
N. benthamiana plants is authentic and not an artifact of expression
from the TBSV gene vector.
When sequential sections at 1 μm intervals were stacked, we
observed irregularly shaped structures apparently localized in the
cytoplasm only for the GFP-SPCP fusion (Fig. 5D, lower left panel).
This suggested that SPMV CP also localized in the membrane or to
membranous organelles. Magniﬁcation of the plant nuclei clearly
showed the nucleolar association of GFP-SPCP fusion protein and
small green ﬂuorescent round spots within the nucleus (Fig. 5D,
lower right panel). The localization of SPMV CP in N. benthamiana
plants by microscopy (Figs. 5C and D) is in agreement with the
subcellular fractionation assays of PMV+SPMV-infected proso millet
(Fig. 5A).
Discussion
A C-proximal region on SPMV CP contributes to stable dimer formation
Virus genome encapsidation is an intricate and highly regulated
process, involving various dynamic molecular interactions. In the
case of plant RNA viruses, these interactions can be grouped into
three major categories: RNA-protein interactions, protein-protein
interactions, and ion-protein interactions (Rao, 2006; Schneemann,
2006). As ﬁrst shown for TBSV and Turnip crinkle virus (TCV),
dimerization is a crucial step for virion formation (Finch et al., 1970;
Stockley et al., 1986). Encapsidation studies on Brome mosaic virus
(BMV) and its related viruses indicated that virion assembly of
spherical viruses begins with nucleation by CP pentamers and
proceeds by the cooperative addition of CP dimers (Rao, 2006;
Zlotnick et al., 2000). In general CP dimers are the basic building
blocks of icosahedral plant viruses with an RNA genome. Dimeriza-
tion is also a signature feature of many plant virus movement
proteins (MP) including Tobacco mosaic virus (TMV) (Brill et al., 2004;
Brill et al., 2000) and Groundnut rosette virus (GRV), an umbravirus
(Taliansky et al., 2003). SDS-resistant SPMV CP dimers were
consistently detected in western blot assays (Fig. 1A). To understand
the functional importance of SPMV CP dimers, we analyzed a series of
deletionmutants.We identiﬁed a 35 amino acid region, fromAA 81 to
116, that was necessary for SPMV CP self-interaction (Fig. 1B), based
on co-immunoprecipitation (Fig. 1C). The biological relevance of this
result was demonstrated by an earlier observation that the deletion
of a region from AA76 to AA124 caused rapid accumulation of DIs and
disappearance of full-length SPMV genomic RNA (Qiu and Scholthof,
2001a).
In order to study the biochemical properties of SPMV CP dimers,
we attempted to purify them by chromatography methods. However,
both gel-ﬁltration and anion-exchange chromatography indicated
that free SPMV CP dimers did not accumulate within the cytosol,
instead SPMV CP was detected exclusively as virions (Fig. 2). In con-
trast, PMV CP was detected as dimers and monomers in our chro-
matography assays (Fig. 2), which was similar to the results reported
for other small RNA plant virus (Espinha and Gaspar, 1999). These
results suggest that i) the assembly of free SPMV CP dimers into virus
particles is a very rapid process in the cytosol and ii) SPMV CP dimers
are very stable, basic building blocks for the production of mature
virions.
The cytosolic accumulation of SPMV CP depends on virion formation
The chromatography studies raised a question of whether virion
formation was a prerequisite for cytosolic (soluble) accumulation of
SPMV CP. To test this, we introduced a series of mutations at different
sites of SPMV CP (Fig. 3A) and analyzed the effects on encapsidation
and CP accumulation proﬁle. Of the ﬁve testedmutants R7-12, 82F and130D were completely defective in SPMV RNA encapsidation (Fig. 3B)
and CP did not accumulate in the cytosol (Fig. 3C, lower panel).
Mutants R7/8 and ΔC6 displayed intermediate phenotypes of reduced
cytosolic accumulation of SPMV virions (Fig. 3B) and CP (Fig. 3C, lower
panel). The last six amino acids of SPMV CP, based on the crystal
structure, occur in a non-structural loop region and were predicted
not to interact with other regions of SPMV CP (Ban and McPherson,
1995). Yet the deletion of the last six amino acids on the CP (mutant
ΔC6) had a signiﬁcant negative effect on SPMV virion assembly. The
ΔC6 SPMV virion titer was as low as that observed for the R7/8 mutant
(Fig. 3B) though it was as competent as WT SPMV in CP and RNA
accumulation (Figs. 3C and 4A). This suggests that the C-terminal
region of SPMV CP, though not required, plays a crucial role in
encapsidation possibly by stabilizing virions via quaternary
interactions.
In general, our results indicate that efﬁcient SPMV virion assembly
is dictated by the appropriate conformation and stability of SPMV CP
in solution. This observation may provide an explanation for our
previous ﬁnding that SPMV CP prepared by dissociating SPMV virions
usually precipitated as aggregates within days (Desvoyes and
Scholthof, 2000). However, intact puriﬁed SPMV virions remained
infectious in solution for several months (data not shown). Studies on
SPMV virion structure show that SPMV CP subunits are arranged in
such a way that negatively-charged regions are located at the exterior
capsid surface and positive charged regions are located at the interior
capsid surface to bind the viral RNA (Makino et al., 2006). This explains
why SPMV CP was eluted as virions in fractions containing heavily
negative charged protein (Fig. 2B). Furthermore, this result is
supported by the observation that recombinant TMV MP (pI=8.91)
eluted as free dimers in the ﬂow-through but as an RNA-associated
complex in fractions of high NaCl concentrations during anion-ex-
change chromatography (Brill et al., 2000). It is reasonable to
speculate that the presence of SPMV RNA contributes to the successful
assembly of SPMV CP dimers into the T=1 capsid. This process locates
the hydrophilic/negatively-charged regions of SPMV CP at the exterior
surface of virions and confers its solubility in the cytosol. Recently, a
replication-coupled encapsidation model for SPMV has been pro-
posed, whereby the gRNA plays an active role in virion assembly
(Larson and McPherson, 2001; Makino et al., 2006). According to this
model, the viral RNA controls the incorporation of CP dimers in a
temporal manner by the arrangement of its CP binding elements as it
emerges from the replicase complex to expose these elements
sequentially. The effect of viral RNA on virion assembly by directing
CP subunit binding has been demonstrated by the RNA-controlled
capsid polymorphism observed for BMV (Krol et al., 1999). Interest-
ingly, it was reported that the phosphoprotein of Rabies virusmimics a
phosphate diester RNA backbone to interact with the nucleocapsid
protein (N). In turn, this prevents N from aggregating, binding cellular
mRNA, and triggering immature encapsidation (Mavrakis et al., 2006).
In conclusion, the cytosolic accumulation of SPMV CP depends on
the coordinated RNA:CP and CP:CP interactions, which lead to
productive virion assembly. Coat protein subunits not participating
in encapsidation may form either insoluble disordered CP:RNA ag-
gregates or an alternative RNP complex that translocates to non-
cytosolic fractions for other functions, such as systemic movement.
Successful systemic accumulation of SPMV RNA requires the presence of
an intact N-ARM of SPMV CP
Previous studies demonstrated that SPMV CP enhanced systemic
SPMV RNA movement and accumulation (Omarov et al., 2005).
Accordingly, SPMV CP displays some signature properties of plant
virus movement proteins (MP). For example, SPMV CP is localized to
the membrane- and cell wall-enriched fractions. These are known
features for TMV MP (Boyko et al., 2000; Kawakami et al., 1999), BMV
3a protein (Fujita et al., 1998), and the triple gene block movement-
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1999; Solovyev et al., 2000). In addition, CP-assisted cell-to-cell and
long-distance movement has been reported for plant viruses (Black-
man et al., 1998; Kasteel et al., 1993, 1997; Lough et al., 2000; Okinaka
et al., 2001; Omarov et al., 2005;Wellink and van Kammen,1989). The
classiﬁcation of plant virus movement, based on the role of the
homologous capsid protein, can be divided into three groups.
(Scholthof, 2005). The ﬁrst group includes viruses in the Tobamo-
virus, Carmovirus, and Hordeivirus genera that encode specialized MPs
and are not dependent on CP for cell-to-cell movement. In the second
grouping, optimal movement requires the presence of functional CP,
but virion formation is dispensable. For example, Cucumber mosaic
virus (CMV) forms a MP:CP:RNA complex to move from cell to cell
(Blackman et al., 1998). The third movement strategy necessitates the
formation of virions. Viruses in this category include Cowpea mosaic
virus (Kasteel et al., 1993) and BMV (Kasteel et al., 1993, 1997; Okinaka
et al., 2001). Our results with SPMV CP appear to provide another
exemplar where a virus CP also has a discrete and distinct role as a
movement protein.
To understand the functional mechanism of SPMV CP in promoting
long-distance movement, we analyzed the systemic accumulation of
SPMV RNA in upper leaves for mutants R7/8, R7-12, 82F, 130D and
ΔC6. Mutants 82F, 130D and ΔC6 were as competent as WT SPMV in
RNA and CP accumulation (Figs. 3C and 4A). However, these mutants
were either completely (82F and 130D) or partially (ΔC6) defective in
virion assembly (Fig. 3B) and did not accumulate in the cytosol as WT
SPMV (Fig. 3C). This observation indicates that the movement-
facilitation property of SPMV CP is independent of encapsidation
and the “insoluble” SPMV CP in non-cytosolic fractions is not a non-
functional disordered aggregate but actively involved in SPMV (and
PMV) spread. In contrast, alteration of the N-ARM inmutants R7/8 and
R7-12 led to compromised SPMV RNA accumulation (Fig. 4A) sug-
gesting the requirement of this region for systemic SPMV RNA
movement. Alternatively, the failure of mutants R7/8 and R7-12
could be associated with a loss of CP-mediated silencing suppressor
activity. We have shown that SPMV CP is not a suppressor of gene
silencing in a heterologous system (Qiu and Scholthof, 2001b), but it
remains to be determined if the CP can mediate suppressor activity in
a natural co-infection with its helper virus, as suggested by some of
the data in Fig. 4. This type of functional activity has been shown for
TCV, where expression of the CP suppressed early events associated
with triggering of post-transcriptional gene silencing (Qu et al., 2003).
An N-ARM is found on the CPs of many plant icosahedral RNA
viruses including TCV, CMV, TBSV, and the four known plant satellite
viruses (Finch et al., 1970; Kaplan et al., 1998; Sacher and Ahlquist,
1989; Stockley et al., 1986; Widada and Bonami, 2004; Winkler et al.,
1977). A series of genetic studies have demonstrated the importance
of N-ARM in encapsidation, movement, and pathogenicity in different
systems (Kaplan et al., 1998; Palani et al., 2006; Rao and Grantham,
1996; Schmitz and Rao, 1996). Our results also show that the SPMV CP
N-ARM is essential for RNA encapsidation (Fig. 3B) and protein/RNA
accumulation (Fig. 3C and 4A). In addition, mutations in the N-ARM of
SPMV also led to rapid generation of DIs (Fig. 4A).
Northwestern blots further conﬁrmed that the N-ARM was
absolutely required for in vitro RNA binding (Fig. 4B). This suggests
that the N-ARM mediated SPMV CP:RNA interaction is essential for
efﬁcient systemic SPMV RNA movement. This is supported by the
studies on the BaMV satRNA P20 protein that shares 46% identity with
SPMV CP (Lin and Hsu, 1994; Lin et al., 1996). The P20 protein also
features an N-ARM region and alterations of this region affect both its
RNA binding ability (Tsai et al., 1999) and movement of the cognate
RNA (Palani et al., 2006). Interestingly, CP mutants defective in SPMV
virion formation (82F and 130D) retained a WT-like afﬁnity for SPMV
RNA (Fig. 4B). This suggests that an SPMV CP:RNA interaction leads to
the formation of virions and alternative ribonuceloprotein (RNP)
complexes that are targeted to cell wall-, organelle-, and membrane-enriched fractions to facilitate movement. Thus, the N-ARM-mediated
SPMV CP:RNA interaction contributes to every aspect of the function
of SPMV CP in infection. Yet our experiments indicate that it is not the
SPMV virions in the cytosolic fraction, but the “insoluble” SPMV CP or
CP-complex in the non-cytosolic fractions that facilitate SPMV RNA
movement and inhibit the DI generation.
SPMV CP features a complex subcellular localization proﬁle
corresponding to its multifunctional role
As mentioned above, “insoluble” SPMV CP mutants 82F and130D
were as fully competent for robust infection as WT SPMV. Never-
theless, “insoluble” is not a precise reﬂection of SPMV CP distribution
in the cells and provides no insight regarding its biological activity
during infection and pathogenesis. Therefore, we further analyzed the
subcellular localization of SPMV CP by differential centrifugation and
GFP-tagging. Wild-type SPMV CP was detected in cytosol, cell wall-,
organelle-, and membrane-enriched fractions but appeared most
abundant in the cell wall-enriched fraction (Fig. 5A, left panel). An
important signature property of plant virus movement proteins is
their co-localization with the cell wall material (Boyko et al., 2000;
Erhardt et al., 1999; Kawakami et al., 1999; Solovyev et al., 2000).
Therefore, the enrichment of SPMV CP in the cell wall-containing
fraction supports our premise that it is associated with SPMV RNA
movement. Mutant 130D displayed a similar subcellular fractionation
proﬁle asWT SPMV except that it was absent in the cytosol fraction, as
predicted, based on its defect in encapsidation (Fig. 5A, right panel).
Using ﬂuorescent microscopy, we observed ﬁne puncta along the cell
wall in associationwith GFP-SPCP fusion protein expression (Fig. 5 D).
These structures might represent SPMV CP aggregates at the plas-
modesmata similar to structures observed for other plant virus
movement-associated proteins (Blackman et al., 1998; Erhardt et al.,
2000; Solovyev et al., 2000).
In addition to the association with cell wall, visual observations of
GFP-fused SPMV CP indicate the protein also is associated with the
nucleolus (Fig. 5D, right low panel). The biological signiﬁcance of this
observation is not yet well understood. Yet, nuclear and nucleolar
localization of viral proteins has recently been described as a pan-virus
phenomenon (Hiscox et al., 2001). One suggested role of nucleolar
association is the recruitment of host factors that are essential or
beneﬁcial for virus multiplication. In fact, protein nucleolar localization
has been reported for several plant virus-encoded proteins, such as Po-
tato leaf roll virus CP (Haupt et al., 2005) and the GRV ORF3 protein (Kim
et al., 2007; Ryabov et al., 2004). The GRV ORF3 protein was reported to
interact with GRV RNA in vivo to promote the long-distance movement
through phloem (Ryabov et al., 1999). Recently, it was shown that this
protein also entered the nucleolus by interacting with Cajal bodies (CBs)
and inducing their fusion with the nucleolus (Kim et al., 2007). It has
been proposed that GRV ORF3 protein uses the CB-nucleolus trafﬁcking
pathway to recruit host factors, such asﬁbrillarin, to form functional RNP
complexes required for long-distance viral RNA movement (Kim et al.,
2007). Virus capsid protein localization to the nucleus/nucleolus may
also affect host-defense responses. One pertinent example is the TCV CP
that is localized to the nucleus and interacts with a host transcriptional
factor to trigger a resistance-type response to block systemic virus move-
ment. Interestingly, when the N-ARM of TCV CP was altered from wild-
type, it no longer triggered this innate host response, and the plant was
permissive for virus infection (Ren et al., 2005). Although SPMV CP may
not facilitate the same cascade of events, it does enhance the accumula-
tion and rate of spread of PMV in millet infections (Scholthof, 1999).
Taken together, the nucleolar association of SPMV CP (Fig. 5D), RNA
binding activity (Fig. 4B) (Desvoyes and Scholthof, 2000), and the
involvement of CP in systemic movement (Fig. 4A) (Omarov et al.,
2005), suggests that SPMV CP may use a similar mechanism as the
GRV ORF3. From this SPMV CP would be expected to actively facilitate
systemic movement of SPMV RNA in associationwith host factors. Our
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wall-, membrane- and organelle-enriched) is in fact required, and
sufﬁcient, for optimal SPMV RNA movement. This supports our thesis
that the “soluble” CP in the cytosol is used to form virions. However, a
functional N-ARM is required to bind SPMV RNA to form movement-
associated RNP complexes. For example, the encapsidation defective
mutants 82F and 130D behave like WT SPMV based on systemic
accumulation of RNA and CP (Figs. 3C and 4A). This suggests that a
nucleolus-RNP-trafﬁcking pathway might be a common feature of
plant RNA virus movement.
In conclusion, we have demonstrated that SPMV CP has a complex
subcellular distributionwhich is correlated with its multiple functions
in movement and encapsidation. It is logical to surmise that the
subcellular localization process of SPMV CP and its multiple functions
should be appropriately regulated for a successful infection. The
challenge of our future investigations will be to identify and under-
stand the regulatory processes controlling the discrete events of SPMV
CP encapsidation, nuclear localization, and cell-to-cell transport.
Materials and methods
Construction of SPMV and TBSV-GFP mutants
SPMV constructs R7/8, R7-12, 130D and ΔC6 were made by site-
directedmutagenesis with primers designed according to themanufac-
turer's instructions (QuikChange Kit, Stratagene, La Jolla, CA). The
primers for R7/8 were: forward as 5′-ctaagggtaccagCGCatctaatcgtcggg-
3′ and reverse as 5′-cccgacgattagatGCGctggtacccttag-3′. The primers for
R7-12 were: forward as 5′-agcgcatctaatcTCTcggcgggctcc-3′ and reverse
as 5′-ggagcccgccgAGAgattagttgcgct-3′. The primers for 130D were:
forward as 5′-gacggactcgtgGAtaccaagggtga-3′ and reverse as 5′-tca-
cccttggtaTCcacgagtccgtc-3'. The mutated nucleotides are indicated in
uppercase letters. The primers for ΔC6 were: forward as 5'-tag-
gctggcgcctTAAagcgagcttcag-3' and reverse as 5'-ctgaagctcgctT-
TAaggcgccagccta-3'. The premature stop codon and its anticodon are
shown in bold uppercase letters. A novel recombination PCR mutagen-
esis protocol was used to generate SPMV CP derivatives, deletion
mutants (A, B, C and D), a substitution mutant (NHA), and an insertion
mutant (82F) (Qi and Scholthof, 2008a).E. coli BL21 (DE3) (Stratagene, La
Jolla, CA) was transformed with the pDEST17-based (Invitrogen,
Carlsbad, CA) constructs for over-expression of SPMV CP and its
derivatives.
A Tomato bushy stunt virus (TBSV) infectious cDNA clone expressing
the green ﬂuorescent protein (GFP) gene was a kind gift from Dr. A. O.
Jackson (University of California-Berkeley). The TBSV-GFP vector has a
28 kDa GFP ORF inserted in frame with the original TBSV CP start
codon (Scholthof et al., 1993). Using this construct, a BglII site was
introduced to the 3'-proximal end of the GFP ORF, into which SPMV CP
ORF was cloned in-frame to express GFP:SPMV CP fusion protein
(TBSV-GFPSPCP). The construct was conﬁrmed by DNA sequence
analyses and in planta veriﬁcation of expression of the 45 kDa GFP-
SPCP fusion protein by western blot analyses.
Plant inoculation and maintenance
Proso millet plants (Panicum miliaceum L. cv. Sunup) were grown in
climate controlled growth chambers (25 °C, 14 h of light; 20 °C, 10 h of
dark). A full-length infectious PMV cDNA construct was cleaved with
EcoICR1 and infectious SPMV cDNA constructs were digested with
BglII (Turina et al., 1998). Both TBSV-based constructswere cleavedwith
SmaI. The linear DNAwas used as template for in vitro transcription, as
described previously (Omarov et al., 2005). Proso millet plants at the
two-leaf stage were mechanically rub-inoculated with a mixture of
equal volumes of uncapped transcripts (SPMV and PMV) and RNA
inoculation buffer. N. benthamiana plants were grown under the same
conditions andmechanically rub-inoculated at the three-leaf stagewithTBSV-GFP or TBSV-GFPSPCP transcripts in an equal volume of RNA
inoculation buffer (Qiu and Scholthof, 2004).
Co-immunoprecipitation
All tested SPMV CP derivatives were labeled with [35S]-methionine
using a transcription-translation coupled wheat germ extract system
(Promega,Madison,WI). Equal volumes of labeled and unlabeled in vitro
translation products were mixed and incubated at room temperature
(RT) for 2 h, as described previously (Qi and Scholthof, 2008b). The ﬁnal
volume was brought up to 500 μL with washing buffer [150 mMHEPES
(pH7.5),1% TritonX-100,150mMNaCl, 5mMEDTA, 2mMdithiothreitol
(DTT)] and 2 μL of HA-speciﬁc monoclonal antibody (Sigma, St. Louis,
MO)was added and gentlymixed for 2 h at RT. Following the addition of
30 μL ImmunoPure immobilized protein G agarose beads (Pierce,
Rockford, IL), the mixtures were shaken another 2 h at RT. The beads
were washed six times with ice-cold washing buffer and the
immunoprecipitated material was then separated by sodium dodecyl
sulfate-15% polyacrylamide gel electrophoresis (SDS-PAGE) followed by
autoradiography. The speciﬁcity of anti-HA antibodies was veriﬁed by
immunoprecipitation of [35S]-methionine-labeled WT SPMV CP as a
negative control.
Western blot assays
Protein samples were separated by SDS-PAGE in 15% polyacryla-
mide gels and transferred to nitrocellulose membranes (Osmonics,
Westborough, MA). SPMV CP- or PMV CP-speciﬁc polyclonal anti-
bodies were applied at a dilution of 1:2000 (Scholthof, 1999). Alkaline
phosphatase conjugated to goat anti-rabbit antiserum (Sigma, St.
Louis, MO) was used as a secondary antibody at a dilution of 1:1000.
The immune complexes were visualized by the addition of nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolylphosphate as described
previously (Omarov et al., 2005).
RNA analyses
At 14 days postinoculation (dpi) with PMV+SPMV or its deriva-
tives, total RNAwas isolated from symptomatic, non-inoculated proso
millet leaves. Approximately 300 mg of leaf tissue was pulverized in
1 mL of ice-cold extraction buffer [100 mM Tris–HCl (pH 8.0), 1 mM
ETDA, 0.1 M NaCl, and 1% SDS] and extracted twice with phenol-
chloroform (1:1, vol/vol) at RT, followed by centrifugation at 10,000 × g
for 10 min, at 4 °C. Total RNA was precipitated with 8 M lithium
chloride (1:1, vol/vol) by incubation at 4 °C for 30 min. Following
centrifugation at 10,000 × g for 10 min at 4 °C, the resulting pellets
were washed with 70% ethanol, suspended in 300 μL RNase-free
distilled water. Approximately 5 µg of total plant RNA was electro-
phoretically separated in 1% agarose gels and transferred to nylon
membranes (Osmonics). SPMV RNA was detected by hybridization
with α-[32P]-dCTP-labeled SPMV-speciﬁc probes as previously
described (Qiu and Scholthof, 2000).
Gel-ﬁltration and ion-exchange chromatography
Proso millet leaves (3 g) were collected from PMV+SPMV-infected
plants, homogenized in 3 mL extraction buffer [200 mM Tris–HCl (pH
7.4), 5 mM DTT, 150 mM NaCl), and centrifuged twice for 10 min at
10,000 × g at 4 °C. For gel-ﬁltration chromatography, the super-
natant (approximately 1 mL) was loaded and fractionated on a
2.5×80 cm columnpackedwith Sephacryl S-200 high-resolution resin
(Amersham, Piscataway, NJ) at a ﬂow rate of 1.3 mL/min. The column
was equilibrated with elution buffer [50 mM Tris–HCl (pH 7.4),
100 mM NaCl] and calibrated with gel-ﬁltration molecular weight
(MW) standards (12–200 kDa) (Sigma, St. Louis, MO). For anion-
exchange chromatography, 10 g infected leaf tissue was homogenized
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DTT]. The extract was centrifuged twice for 10 min at 10,000 × g at
4 °C. The supernatant was loaded onto a 15×2.5 cm column packed
with MacroPrep DEAE Support (Bio-Rad, Hercules, CA). The column
was washed with 200 mL of loading buffer and the bound proteins
were subsequently elutedwith a gradient of increasing concentrations
of NaCl from 50 to 1000 mM. For both chromatography assays, every 3
fractions were combined (total=9 mL) and tested for the presence of
either SPMV CP or PMV CP by immunoblot assays.
Whole virion agarose gel assay
Symptomatic leaf tissue (500 mg) was ground in 2 mL extraction
buffer (0.2 M sodium acetate, pH 5.2). The homogenate was incubated
at 37 °C for 30 min to degrade any unprotected RNAs, including host
cell RNA and unbound viral RNAs, by endogenous plant RNases. The
extract was then centrifuged at 10,000 × g, 4 °C, for 10 min and the
supernatant was transferred to a new tube. PMV and SPMV virions
were precipitated on ice for 30 min in the presence of 12%
polyethylene glycol (PEG)-8000 and 300 mM NaCl. The virions were
then pelleted by centrifugation at 10,000 × g, 4 °C, for 10 min.
Following resuspension of pelleted virions in 0.05 M sodium acetate
(pH 5.5) a second precipitation was performed overnight at 4 °C, as
described above. The ﬁnal virion pellet was dissolved in 50 μL of
0.05 M sodium acetate (pH 5.5) and 5 μL was resolved on a 1% Tris-
glycine agarose gel in 2 × Tris-glycine buffer [10 mM Tris (pH 8.0),
76 mM glycine]. Whole virions were visualized by ethidium bromide
staining and transferred to nylon membrane for the SPMV-speciﬁc
RNA assays (Qiu and Scholthof, 2000).
Northwestern blot assays
A 1.5 mL culture of induced E. coli BL21 (DE3) cells over-expressing
SPMV CP derivatives from pDEST plasmids was pelleted and then
boiled in 2% SDS-sample buffer. The proteins were separated by 15%
SDS-PAGE and were transferred to nitrocellulose membrane as
previously described (Scholthof et al., 1994). The membrane was
blocked for 2 h RT in binding buffer [10 mM Tris–HCl (pH 7), 1 mM
EDTA, 1× Denhardt's reagent] containing 300 mM NaCl and 50 μg/mL
total RNA extracted from healthy plants. The [32P]-labeled SPMV
transcript incubated with the blot for 2 h at RT. The membrane was
washed three times with binding buffer plus 300 mM NaCl prior to
overnight exposure to X-ray ﬁlm.
Subcellular fractionation
Isolation of subcellular fractions was conducted by differential
centrifugation with some modiﬁcations to a method described
previously (Donald et al., 1993; Scholthof et al., 1994). Brieﬂy, 1 g
tissue was homogenized in 1 ml extraction buffer [200 mM Tris-HCl
(pH 7.4), 5 mMDTT, 50mMNaCl) and ﬁltered through double layers of
cheesecloth. The extract was centrifuged at 1000 × g, 4 °C, for 15 min.
The pellet was washed with extraction buffer and centrifuged several
times until a white residue remained, which contained the cell wall-
enriched fraction (CW). The used extraction buffer was combinedwith
the supernatant and centrifuged at 8000 × g, 4 °C for 15 min. This
enriched the organelles in the pellet, including nuclei, chloroplasts,
mitochondria, and lysosomes (P8 fraction). The supernatant was then
centrifuged at 30,000 × g, 4 °C for 20 min to collect the pellet of
membrane debris (P30 fraction) and the supernatant representing
cytosolic material (S30 fraction).
Microscopic imaging
TBSV-GFP and TBSV-GFPSPCP transcripts were rub-inoculated to
N. benthamiana plants. The leaf epidermis of green ﬂuorescent regionsunder UV light (wavelength=365 nm)was carefully peeled and used for
ﬂuorescence microscopy (Shaw and Upadhyay, 2005) to visualize the
subcellular localization of GFP fused to SPMV CP. Microscopic observa-
tionsweremadeusing anOlympusBX51microscope (OlympusAmerica,
Melville, NY) equipped with Olympus DSU spinning disc confocal
imaging system. A motorized stage allowed for optical sectioning along
the Z-axis. An Olympus DP70 camera was used for image acquisition
of DIC and wide ﬁeld ﬂuorescence images. A Q-imaging Micro-
Publisher RTV 5.0 camera (Q-Imaging, Burnaby, B.C., Canada) was used
for Z-sectioning imaging. The GFP signal was excited and detected at the
wavelength of 488 and 507 nm, respectively. Pictures were processed
using Image J software bhttp://rsb.info.nih.gov/nih-imageN.
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